Thiol-dependent redox regulation controls central processes in plant cells including photosynthesis. 32
proteins are essentially associated with all important metabolic activities and molecular processes 87 such as transcription, translation, turnover, defense against reactive oxygen species and also 88 signaling pathways in the chloroplast (Buchanan, 2016) . The enzymes are often activated upon 89 reduction, but redox regulation of e.g. signaling components and certain enzymes involves oxidation 90 as part of the response, e.g. in transcriptional regulation (Dietz, 2014; Giesguth et al., 2015; Gütle et 91 al., 2017) . The significance of controlled oxidation is most apparent if considering the metabolic 92 transition from light-driven photosynthesis to darkness or from high to low photosynthetic active 93 radiation. Enzymes of the CBC must be switched off upon darkening or adjusted to the new activity 94 level in decreased light in order to prevent depletion of metabolites and de-energization of the cell 95 (Gütle et al., 2017) . In fact upon tenfold lowering the irradiance from e.g. 250 to 25 µmol quanta . m -2 96 s -1 , the CO 2 assimilation transiently drops to CO 2 release prior to adjustment to the new lower level. 97
The NADPH/NADP + -ratio falls from 1.1 to 0.1 prior to readjustment of the previous ratio of about 1 98 in the lower light. Since also the ATP/ADP-ratio drops within 30 s, and thus the assimilatory power, 99 Prinsley et al.(1986) concluded, that the deactivation of the enzymes occurs with slight delay, but 100 then enables recovery of appropriate metabolite pools to proceed with carbon assimilation in the 101 new light condition. 102
Reversible and rapid redox regulation requires efficient mechanisms not only for reduction but also 103 for oxidation of target proteins. The reductive pathway via Trxs is well established, thus the open 104 question concerns the mechanism of oxidation. The likely candidate is hydrogen peroxide as most 105 stable and thus diffusible reactive oxygen species (ROS). The light reactions generate superoxide in 106 the Mehler reaction, and possibly at low rates also in the reaction catalyzed by the plastid terminal 107 oxidase . Two molecules of superoxide are dismutated to one molecule of H 2 O 2 108 and one molecule of O 2 . In particular photosynthesis-derived ROS were often considered as 109 unavoidable side products but are now accepted drivers in the redox regulatory network and thus in 110 regulation and signaling (Driever et al., 2011) . ROS likely are involved in operating the regulatory 111 thiol switches (Groitl and Jakob, 2014) . Direct non-specific reaction of H 2 O 2 with target proteins 112 would lack specificity. It is also questionable that thiols of target proteins including Trxs as 113 transmitters can compete as electron donors to H 2 O 2 with those proteins that evolved for that 114 purpose, the thiol peroxidases of the chloroplast (Dietz, 2016; Flohé, 2016) . O 2 appears even less 115 suitable than H 2 O 2 as thiol oxidant due to its relative high stability. 116
Thiol peroxidases are evolutionary ancient proteins that efficiently react with peroxides. The 117 catalytic cysteinyl residue is embedded in a specific molecular environment that lowers its pK a value. 118
The high affinity with K M -values in the low micromolar range compensates for low turnover 119 numbers. The Arabidopsis chloroplasts contains four peroxiredoxins (two 2-cysteine peroxiredoxins 120 [2-CysPrxA, 2-CysPrx B], peroxiredoxin Q [PrxQ], peroxiredoxin IIE [PrxIIE]) and two glutathione 121 peroxidase-like proteins which also function as Trx-dependent peroxidases (Horling et al., 2003; 122 Navrot et al., 2006; Dietz, 2016) . The 2-CysPrxA/B represent the most abundant chloroplast 123 peroxiredoxin with about 100 µM concentration (Peltier et al., 2006) . Antisense plants lacking the 2-124 CysPrx reveal disturbed photosynthesis and altered redox homeostasis (Baier and Dietz, 1999; Baier 125 et al., 2000) . Analysis of A. thaliana lines with T-DNA insertions established that the NADP-126 dependent thioredoxin reductase C (NTRC) is the predominant and efficient electron donor to 127 2cysprxAB (Pulido et al., 2010) and that the 2cysprxAB participate in detoxification of H 2 O 2 128 generated in the Mehler reaction (Awad et al., 2015) . But it is also established that 2-CysPrx accepts 129 electrons with lower efficiency from various Trx and Trx-like proteins (Collin et al., 2003) . Recently it 130 was shown, that the severe growth phenotype of ntrc-plants can be recovered by crossing them with 131 the 2cysprxAB plants (Pérez-Ruiz et al., 2017) . In the ntrc plants, the FBPase was insufficiently 132 reductively activated in the light. In gel redox analysis revealed that Trx-f remained partially oxidized 133 even in the light and thus probably was unable to activate FBPase. This effect was mostly reverted in 134 the ntrc/2cysprxAB-triple mutants. The authors proposed that the lack of NTRC and the concomitant 135 oxidation of 2cysprxAB (Pulido et al., 2010; Pérez-Ruiz et al., 2017) oxidize Trx-f. This assumption is 136 tentatively in line with the low electron donation capacity of Trx-f to 2-CysPrx reported by Collin et 137 al.(2003) . 138
This study aimed to dissect the hypothesis proposed in 2008 by Dietz, namely that the 2-CysPrx 139 functions as the missing link in the thiol-disulfide redox regulatory network, as Trx-oxidase in redox 140 regulation of chloroplast metabolism and other regulatory processes. In vitro experiments were 141 designed to study the inactivation of FBPase and MDH by oxidized 2-CysPrx. The inactivation 142 depended on the presence of Trxs with preference for specific Trxs. The hypothesis was further 143 scrutinized in vivo by comparing wildtype (WT) and 2cysprxAB for Kautzki effect, ferredoxin 144 reoxidation kinetics, inactivation of malate dehydrogenase and ribulo-5-phosphate kinase upon 145 darkening. The data strongly support the Trx-oxidase hypothesis and show a pre-activation of 146 metabolism in darkness and a delayed inactivation during light-to-dark transfer. Development of a 147 kinetic model allowed for simulating the in vitro observations. Finally, it will be shown that the 148 growth inhibition phenotype of 2cysprxAB relative to WT-plants is reversed in short fluctuating light 149 pulses supporting the hypothesis that 2-CysPrx is needed for efficient inactivation in fluctuating light. 150
While WT fails to use the light energy during the short light pulses, the 2cysprxAB mutant exploits 151 this energy given its inefficient deactivation of the redox regulated enzymes. Thus 2-CysPrx is a 152 principle component in rapid plant light acclimation. 153 154
Results 155
A. thaliana lacking 2-CysPrx develop with delay and show defects in photosynthesis (Baier and Dietz, 156 1999) . Figure 1 depicts chlorophyll a-fluorescence transients of WT seedlings and seedlings lacking 157 cyclophilin 20-3, an interactor of 2-CysPrx, or 2cysprxAB when grown on solidified Murashige Skoog 158 plus/minus sucrose. The actinic light was switched on after 15" and both wildtype and cyp20-3 159 seedlings displayed the Kautsky peak of chlorophyll-a fluorescence emission, followed by a slow 160 decline to the new steady state. In a contrasting manner, 2cysprxAB seedlings showed a small 161 fluorescence increase in the absence of sucrose, which was missing in the presence of sucrose. The 162
Kautsky effect reflects the reduction of the electron transport chain in the first phase of illumination 163 followed by reoxidation in the course of activation of NADPH-and ATP-consuming metabolic 164 pathways, in particular the CBC and the malate valve. The lack of the fluorescence peak in 2cysprxAB 165 was tentatively interpreted as indication that the energy sinks and energy dissipation mechanisms 166 such as non-photochemical or photochemical quenching activities remained active in darkness and 167 that this pre-activation is linked to properties of 2-CysPrx. 168
169
Chlorophyll-a fluorescence kinetics of 4d old wildtype, 2cysprxAB and cyclophilin 20-3 mutants. The stromal FBPase efficiently converted FBP to Fru-6-P as seen from the time-dependent increase 206 in absorption. Addition of Trx-f1 slightly increased the activity of FBPase indicating that activation 207 had not been fully achieved during the preincubation, so that Trx-f1 in the presence of the residual 208 500 µM DTT was able to further reduce and activate the stromal FBPase. The activity of FBPase was 209 unchanged upon addition of oxidized 2-CysPrx in the absence of Trx. However if the complete test 210 was reconstituted with reduced stroma, Trx-f1 and oxidized 2-CysPrx, FBPase was significantly 211 inhibited. Apparently, Trx-f1 mediated the oxidative inactivation of FBPase by transferring electrons 212 from reduced FBPase to 2-CysPrx ox . As an additional control reduced 2-CysPrx was added to reduced 213 stroma and established the same activity as with Trx-f1 alone (Figure 2A, B) . 214
Supplementary Figure 1 215 216
Activity was not seen in the absence of DTT ( Figure 2C) . Overall activation was lower if the pre-217 activation was performed with 400 µM instead of 1 mM DTT ( Figure 2D ). Under these conditions, 218 addition of reduced Trx-f1 further activated the FBPase. Addition of 2-CysPrx ox to reduced stroma 219 again had no effect on FBPase activity, but the combination of reduced stroma, Trx-f1 and 2-CysPrx ox 220 led to 76% inhibition. The inhibition was rapidly achieved as revealed when 2-CysPrx ox was added to 221 the ongoing enzyme reaction ( Figure 2E ). In parallel, the reduced form of FBPase which runs as 222 upper band in Figure 2F due to incorporation of 2 molecules of mPEG 24 per molecule FBPase only 223 disappeared in the fully reconstituted assay with reduced stroma, Trx-f1 and 2-CysPrx ox . 224
The efficiency of inactivation depended on Trx-f1 amounts ( Figure 3A) . Thus inhibition was low in the 225 presence of 0.625 µM Trx-f1, while a strong decrease was detected in 5 µM Trx-f1,revealing 226 saturation with increasing Trx-f1 concentration. Comparison of inactivation in the presence of Trx-f1, 227 -m1, -m4, -x and CDSP32 revealed exclusive preference for Trx-f1 ( Supplementary Figure 1) . 228 FBPase activity test. Conditions were as described in Figure 1A . CysPrx employs two Cys-residues, the peroxidatic Cys54 and the resolving Cys176, in the 254 detoxification reaction of peroxides such as H 2 O 2 , alkylhydroperoxides and peroxinitrite. The 255 dependency of the Trx oxidase activity of the 2-CysPrx on the presence of the catalytical thiols was 256 tested by using site-directed mutated variants of 2-CysPrx (König, 2013)( Figure 3B ). The variants 257 C54S, C176S and also the hyperoxidation mimicking C54D were unable to inactivate FBPase, thus 258 both thiols are needed. In a converse manner, the variant F84R which is compromised in its 259 decamerization ability (König, 2013) but still acts as thiol peroxidase efficiently inactivated the 260 FBPase in the complete inactivation assay. 261
The in vitro FBPase activity was simulated by use of a kinetic mathematical model ( Figure 3E ; 262
Supplementary Tables 1-4; Supplementary Figure 2 ) and the results compared with an experiment 263 where oxidized 2-CysPrx was added to the enzyme assay at different concentrations ( Figure 3C, D) . 264
The addition of 2.5, 5 or 10 µM 2-CysPrx ox progressively inhibited the turnover of FBP to Fru-6-P as 265 indicated by absorption change. The simulation ( Figure 3E ) started with fully activated FBPase in the 266 presence of 5 µM Trx-f1. Addition of 2-CysPrx ox at 2.5, 5, 10 or 20 µM led to rapid partial and 267 concentrations-dependent inhibition of FBPase with high fit to the empirical data. 268 Ferredoxin is the central electron distributor transferring electrons from the photosynthetic electron 332 transport chain (PET) to consuming metabolic reactions such as Fd-dependent NADPH reductase, Fd-333 nitrite reductase, Fd-sulfite reductase, Fd-Trx-reductase and others. The re-oxidation rate of Fd was 334 determined in leaves from WT ( Figure 6A) and 2cysprxAB (Figure 6B) using the near infrared kinetic 335 LED spectrometer (NIR KLAS 100). Dark adapted leaves were illuminated with a short 1.5 s light pulse 336 of 162 µmol quanta m -2 s -1 and then darkened again. During this short light period the Fd pool was 337 photoreduced. The reoxidation of the Fd pool was followed as difference between the NIR 338 absorption of the leaf at 785 and 840 nm (as in Figure 5D ). The difference was less pronounced in 40' L, 5' H-cycles and in 40 s darkness, 5 s H, where the WT 396 showed severe damage after 3 weeks, while the damage was less in 2cysprxAB (Figure 7) . Another 397 difference was seen in continuous light without dark period. Rosette growth was rather similar: 398
However The Trx-dependent reductive pathway of redox regulation participates in the control of most cellular 407 processes (Buchanan, 2016) . However an open question concerns the mechanism of Trx re-oxidation 408 which is employed to inactivate once reduced target proteins. Only the controlled interplay of 409 reduction and oxidation enables efficient and fine-tuned regulation. The central role of H 2 O 2 in 410 tuning development and acclimation is generally accepted, but by which mechanism comes H 2 O 2 411 into play? The properties of the oxidant(s) must meet several criteria in particular concerning the 412 specificity, the thermodynamics including midpoint redox potential and sufficient amounts of 413 oxidant buffer. The results from this study show that the chloroplast 2-CysPrx functions as peroxide-414 dependent thioredoxin oxidase. In the following we discuss the three criteria and then the more 415 general implications. 416 417
Specificity of oxidation 418
The chloroplast thiol network is hierarchically structured. High priority for activation and likely also 419 for inactivation has the γ-subunit of the F-ATP synthase (Gütle et al., 2017) . Tight control is needed 420 to initiate ATP synthesis as soon as the light-driven proton motive force (PMF) is generated, and also 421 to inhibit the ATP synthase upon lowering or extinguishing the incident light in order to avoid ATP 422 hydrolysis upon dissipation of the PMF (Mills and Mitchell, 1982) . These authors proposed the 423 existence of an oxidation system in the stroma that oxidizes the γ-subunit of the F-ATP synthase in 424 the dark. Thiol-controlled activation of CBC enzymes such as FBPase, SBPase and PRK is of second 425 priority in order to initiate carbon assimilation and high rate energy drainage. Thiol-dependent 426 activation of NADPH-malate dehydrogenase comes third since the malate valve should only drain 427 reductive power to the cytosol if the CBC fails to consume the available energy provided by the PET 428 (Backhausen et al., 1994) . It is accepted that this specificity of reductive activation is realized by the 429 complex Trx system of the chloroplast (Thormählen et al., 2017) . 430
In contrast to activation, the inactivation has scarcely been studied. Direct oxidation of the target 431 proteins by H 2 O 2 neither can provide specificity nor adequate prioritization. The Trxs which are 432 instrumental in activating the targets and in addition the Trx-like proteins like ACHT1-4 provide a 433 platform which could assist in mediating specificity and prioritization. This is seen in the results from 434 the in vitro inactivation assays. Among the tested Trxs, FBPase was efficiently inactivated by Trx-f1 435 only. In case of MDH, Trx-m1 was most effective, but CDSP32 and Trx-f1 and Trx-m4 also inactivated 436 MDH with lower efficiency. Apparently, the efficiency for inactivation of FBPase and MDH revealed 437 the expected Trx specificity. Thus complete switch off of MDH was achieved by the combination of 438
Trx-m1 and 2-CysPrx ox , while the FBPase was not entirely inhibited even in the presence of the 439 preferred Trx-f1 under the chosen conditions. The simulation of the enzyme assay in a mathematical 440 model showed that the 2-CysPrx-dependent inactivation of FBPase was in line with the reported 441 kinetic constants and redox potentials. 442
Specificity in reoxidation could also arise from the five different thiol peroxidases targeted to the 443 plastids, namely in addition to 2-CysPrx PrxIIE, PrxQ and glutathione peroxidase-like 1 and 7 (Dietz, 444 2016) . The combinatorial network of about 20 plastidial Trxs and Trx-like proteins with 5 thiol 445 peroxidases provide a framework for tuned activation and inactivation dependent on interaction 446 ability, concentration and redox potentials. 447
448
Thermodynamics of oxidation 449
The redox midpoint potential of 2-CysPrx was reported with -315 mV (König et al., 2002) , while the 450 E ' M of NADPH-MDH from Sorghum and of spinach FBPase were determined with -330 mV, and -290 451 mV for spinach PRK (Hirasawa et al., 1999; Hirasawa et al., 2000) . The E ' M of spinach and pea Trx-f1 452 with -290 mV was less negative than the E ' M of spinach Trx-m with -300 mV (Hirasawa et al., 1999) . Arabidopsis stroma with a total concentration of more than 100 µM (König et al., 2002) . A major 479 function of 2-CysPrx is seen in its thiol peroxidase activity, participating in the ascorbate-480 independent water-water cycle and detoxification of Mehler reaction-derived H 2 O 2 (Dietz et al., 481 2006; Awad et al., 2015) and, thereby, keeping the H 2 O 2 concentration low. However, for most 482 efficient thiol peroxidase function, the 2-CysPrx should ideally be fully or highly reduced. 483 Surprisingly, the 2-CysPrx is highly oxidized under most conditions with less than 50% share of 2-484 CysPrx in the reduced form (Pulido et al., 2010) (Figure 6C) . The rate of PET-dependent release of 485 superoxide and subsequent H 2 O 2 is considered to be low under growth conditions and may have 486 regulatory function even under moderate stress (Driever and Baker, 2011) . The oxidized fraction of 487 ≥50% of the 2-CysPrx corresponds to a resting pool of 30-50 µM disulfide available for drainage of 488 electrons from the Trx/Trx-like proteins and target pools. The 2-CysPrx redox state in the steady 489 state underestimates the capacity for oxidation of target protein since the thiol-disulfide redox 490 network is a dynamic flux system where H 2 O 2 oxidizes and NTRC and Trx reduce the 2-CysPrx. In this 491 context it is interesting that PrxIIE, the other soluble peroxiredoxin of the stroma has a midpoint 492 redox potential of -288 mV (Horling et al., 2003) , and thus could participate in oxidizing target 493 proteins with less negative thiol redox potential. 494
495
The regulatory context of metabolism 496
The effect of the 2-CysPrx ox /Trx-system on certain CBC enzymes and the malate valve is evident from 497 both our in vitro analyses and in vivo data including the reoxidation kinetics of Fd in leaves upon 498 darkening. Interestingly, the regulatory impact of 2-CysPrx on the metabolic state of the chloroplast 499 goes far beyond carbon fixation and export of excess reducing power. The diurnal carbohydrate 500 dynamics in 2cysprxAB was disturbed. The carbohydrate amount in 2cysprxAB reached its maximum 501 in the early night phase and exceeded that of WT during the night and in the early day phase. Starch 502 synthesis and degradation are subjected to redox regulation (Santelia et al., 2015) . Trx-f1 503 contributes to activation of ADPglucose pyrophosphorylase. Plants lacking Trx-f1 accumulate less 504 starch and more soluble sugars in the light (Thormählen et al., 2013) . The changes in diurnal 505 carbohydrate pattern indicate that starch degradation is impaired in 2cysprxAB. Enzymes involved in 506 starch degradation also exhibit redox sensitive and regulatory thiols. However degradation enzymes 507 are reported to be more active in the reduced than oxidized state (Santelia et al., 2015) , thus the 508 exact role of 2-CysPrx in tuning the activity of starch turnover needs future analysis. 509
Other metabolic changes concern the accumulation of the aromatic amino acids phenylalanine and 510 tryptophan which decreased in 2cysprxAB, and the inhibited ability of 2cysprxAB to synthesize 511 anthocyanins in high light (Awad et al., 2015; Müller et al.., 2017) . Phenylalanine synthesis proceeds 512 in the chloroplast via arogenate (Jung et al., 1986) and phenylalanine availability determines 513 anthocyanin synthesis (Chen et al., 2016) . Redox-dependent regulation of the involved metabolic 514 pathways still needs to be explored. However the 2cysprxAB phenotype of compromised 515 anthocyanin accumulation resembles the phenotype observed in ascorbate deficient mutants which 516 was linked to regulation of genes involved in anthocyanin synthesis (Page et al., 2012) . 517
The contribution of 2-CysPrx to redox regulation appears particularly important in low light, in 518 darkness and in fluctuating light. Thus the phenotype of inhibited rosette growth with more round 519 shaped leaves and short petioles (Pulido et al., 2010; Awad et al., 2015) was mostly reversed to WT 520 phenotype in continuous light and high light. Fine-tuning of metabolic activities by 2-CysPrx-521 dependent oxidation counteracts reductive activation and only the proper balance between 522 reduction and oxidation allows for optimized acclimation to the prevailing environmental conditions. 523
High rate photosynthesis in high light requires little oxidative drainage of regulatory electrons. At 524 lower light intensities the ratio of oxidation to reduction should increase for down-regulation of 525 enzyme activities. If this oxidative counterbalance by 2-CysPrx is missing, enzymes maintain higher 526 activity than needed, and this causes metabolic imbalances, sustains futile cycles and compromises 527 growth performance of 2cysprxAB. 528
The disadvantage of lacking 2-CysPrx converts to an advantage if the fluctuating light regime adopts 529 a particular cycle frequency where deactivation by 2-CysPrx ox in WT proceeds too fast to exploit the 530 short subsequent light phase. In a converse manner, the delayed regulation in 2cysprxAB allows for 531 exploiting the short high light phase for carbon assimilation. This scenario explains, why 2cysprxAB 532 plants outperform WT plants in the 80 s L and 10 s H-light cycle. 533
The kinetic model of the in vitro enzyme test simulated the effect of oxidized 2-CysPrx on FBPase 534 activity extremely well. Thus the correlation between the experimental data and the simulated data 535 after supplementation with 0, 2.5, 5 and 10 µM 2-CysPrx ox gave a linear dependency with a 536 regression coefficient of 0.998. In a converse manner, the simulation of the light-dark transition did 537 not realize full inhibition of FBPase in the simulated night. In this context it is important that other 538 biochemical parameters such as FBP-and Fru-6-P-levels, Mg 2+ , Ca 2+ and pH affect the redox 539 sensitivity of FBPase (Chardot and Meunier, 1991) . FBP is present at very low amounts in 540 chloroplasts of darkened leaves (Dietz and Heber, 1984) . The drop in FBP concentration is suggested 541 to ease FBPase deactivation. Ca 2+ fluxes into the stroma upon darkening deactivate carbon 542 assimilation (Hochmal et al., 2015) . Stromal pH and Mg 2+ concentrations decrease upon darkening 543 (Ishijima et al., 2003) and assist in enzyme regulation (Minot et al., 1982) . These additional 544 regulating parameters likely must be considered to fully simulate the CBC enzyme deactivation in 545 vivo. 546
The results from this study strongly support the conclusion that the 2-CysPrx functions as Trx-547 oxidase in vivo which mediates the inactivation of Trx-dependent target proteins. This mechanism is 548 needed to effectively inactivate or downregulate the assimilation pathways linked to the 549 and sandwiched abaxially to fit into the 1x1 cm detection window for double-sided exposure. Fast 574 kinetics was recorded in a 6 s time window with 1.5 s actinic light pulse of 162 µmol quanta m -2 s -1 to 575 activate photosynthesis. Redox kinetics of the parameters was recorded for 4.5 s. Settings and 576 device output were adjusted according to Klughammer and Schreiber (2016) and Schreiber and 577 . 578 579 Gene cloning. The sequences encoding the mature proteins without targeting sequence of the Trx-580 f1, -m1, -m4, -x, CDSP32 and 2-CysPrxA from A. thaliana were amplified from leaf cDNA. Trx-f1, -m1, 581 -m4, -x and CDSP32 were cloned into the NdeI and BamHI restriction sites of pET15b (Novagen).
2-582
CysPrxA was cloned into the NdeI and EcoRI restriction sites (underlined in the primers) of the 583 pET28a (Novagen) using the primers described in Supplementary Table 9 . Sequences were verified 584 by DNA sequencing. 585 586 Production and purification of recombinant proteins. The recombinant plasmids were introduced 587 into the E. coli NiCo21 (DE3) strain (NEB). The bacteria were grown at 37°C, and protein production 588 was induced by adding 100 µM isopropyl-β-D-thiogalactoside in the exponential phase. The bacteria 589 were harvested by centrifugation at 5,000 rpm for 20 min and then resuspended in buffer A (50 mM 590 phosphate buffer, pH 8.0, 10 mM imidazole, 250 mM NaCl) for Trx-f1, -m1, -m4, -x and CDSP32 and 591 buffer B (50 mM phosphate buffer, pH 8.0, 10 mM imidazole, 250 mM NaCl, 40 µM of β-592 mercaptoethanol) for 2-CysPrxA. Cells were disrupted by sonication, and debris was sedimented at 593 13000 rpm for 30 min. The soluble fraction was loaded onto His-Select nickel affinity column (His-594 Select HF Nickel Affinity, ROTH) equilibrated with buffer A. Proteins were eluted with 50 mM 595 phosphate buffer, pH 8.0, 250 mM imidazole, and 250 mM NaCl. Purified proteins were 596 concentrated and dialyzed against 50 mM phosphate buffer, pH 8.0. Final purity was checked by 15% 597 SDS-PAGE. Protein concentrations were determined spectrophotometrically using molar extinction 598 coefficient at 280 nm of 17085 M -1 cm -1 for Trx-f1, 21095 M -1 cm -1 for Trx-m1, 19650 M -1 cm -1 for Trx-599 m4, 11585 M -1 cm -1 for Trx-x, 12170 M -1 cm -1 for CDSP32 and 20065 M -1 cm -1 for 2-CysPrxA. For 600 oxidation, the recombinant 2-CysPrx was incubated in the presence of 1 mM H 2 O 2 for 45 min and 601 dialysed over night at 4°C with several changes of dialysis buffer (30 mM Tris-Cl, pH 8). 602 603 Stroma isolation. Leaves were harvested from plants previously darkened for starch degradation and 604 blended in homogenization buffer (300 mM sorbitol, 20 mM Tricine, 5 mM EGTA, 5 mM EDTA, 10 605 mM NaHCO 3 , 2 mM ascorbate and 1% bovine serum albumin; pH 8.4 with NaOH) (Ströher et al.; 606 2008) . After filtering through 4 layers of gauze and nylon mesh the suspension was centrifuged, and 607 the pellet re-suspended and spun again. Finally, chloroplasts were re-suspended in buffer containing 608 300 mM sorbitol, 30 mM KCl, 1 mM MgCl 2 , 0.2 mM KH 2 PO 4 , 2 mM ascorbate and 50 mM Hepes-609
